Advances in the spatial resolution of modern analytical techniques have tremendously augmented the scientific insight gained from the analysis of natural samples. Yet, while techniques for the elemental and structural characterization of samples have achieved sub-nanometre spatial resolution, infrared spectral mapping of geochemical samples at vibrational 'fingerprint' wavelengths has remained restricted to spatial scales 410 mm. Nevertheless, infrared spectroscopy remains an invaluable contactless probe of chemical structure, details of which offer clues to the formation history of minerals. Here we report on the successful implementation of infrared near-field imaging, spectroscopy and analysis techniques capable of sub-micron scale mineral identification within natural samples, including a chondrule from the Murchison meteorite and a cometary dust grain (Iris) from NASA's Stardust mission. Complementary to scanning electron microscopy, energy-dispersive X-ray spectroscopy and transmission electron microscopy probes, this work evidences a similarity between chondritic and cometary materials, and inaugurates a new era of infrared nano-spectroscopy applied to small and invaluable extraterrestrial samples.
I nfrared (IR) spectroscopy in the frequency range of 400-4,000 cm À 1 (l ¼ 25-2.5 mm) is widely used for the identification of chemical compositions both in the laboratory and in remote observations. However, use of this technique for studying sub-micron scale heterogeneity characteristic of natural samples or individual micron-sized samples such as the cometary dust grains retrieved by the National Aeronautics and Space Administration (NASA)'s Stardust mission [1] [2] [3] [4] [5] [6] is severely hampered by the spatial resolution afforded by the diffraction limit and the wavelength of IR light 7, 8 . This limitation rules out direct investigations of both sub-micron samples and sub-micron inclusions in larger heterogeneous samples by conventional Fourier transform infrared spectroscopy (FTIR) [9] [10] [11] [12] [13] [14] [15] [16] . Yet, as acknowledged among the first-reported findings from the Stardust mission, advances in analytic techniques promise to expose new secrets about the origin and evolution of the solar system contained in the recovered microscopic cometary grains 1 . With regard to IR spectroscopy, this claim cannot be overstated given its reputation as the chemical 'fingerprinting' technique of choice. Moreover, the return of invaluable micron-scale samples from spacecraft missions such as Stardust poses an urgent need for new non-destructive, even non-perturbative, nanoscale probes of chemical structure.
In recent years, developments in scattering-type near-field scanning optical microscopy (s-SNOM) have enabled acquisition of IR spectral information at sub-micron length scales 17, 18 . Conceptually, this imaging technique relies on an atomic force microscope (AFM) tip acting as an optical antenna (or 'near-field probe') to focus incident electromagnetic radiation to areas smaller than the wavelength of incident light. Recent applications of the technique include studies of plasmons in graphene and spatial mapping of electronic transitions in correlated oxides [19] [20] [21] [22] [23] [24] [25] . By incorporating a broadband mid-IR (MIR) laser and spectroscopic interferometer into an s-SNOM system, investigators have now demonstrated 20 -nm-resolved IR nanospectroscopy (nanoFTIR) [26] [27] [28] [29] [30] [31] . Yet, to the best of our knowledge, heretofore the only attempt at near-field imaging and spectroscopy of natural geochemical samples has utilized a conventional (thermal) IR source to produce maps of spectral features limited to B1 mm resolution in a primitive meteorite 32 . However, the absence of background suppression schemes requisite for near-field microscopy places much doubt on their study's efficacy as a bona fide sub-diffraction optical probe.
Complemented by scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS) and transmission electron microscopy (TEM) probes, here we report on the application of IR s-SNOM and nanoFTIR with a metallic near-field probe to identify and distinguish silicate minerals in a sample of Comet 81P/Wild 2 and a portion of the Murchison meteorite, a CM2 chondrite comprised of organics and stony grains (chondrules), with sub-micron (B20 nm) lateral resolution. We also demonstrate that nanoscale IR spectroscopy can sense elemental concentration gradients at the level of a few percent caused by rapid cooling, identify sub-micron intergrowths at the confluence of distinct lattice structures, providing evidence for shock within a chondrule, and directly reveal juxtaposed crystalline and amorphous silicates in the Iris cometary grain. NanoFTIR measurements of Iris are consistent with mounting evidence 3, 33, 34 (Z. Gainsforth et al., manuscript in preparation) that igneous materials formed at high temperatures deep in the solar nebula were incorporated into cometary bodies, advancing a surprising scenario whereby planetary materials must have been mixed over the grandest scales into the outer solar system 1 .
Results
Material identification with nanoFTIR. Material identification in spatial volumes smaller than the wavelength of light through s-SNOM requires establishing a physical relationship between an incident electromagnetic field, the dielectric properties of the material directly underneath the probe tip, and the consequently scattered electromagnetic field recorded by the microscope (for our experimental set-up see Methods). In the simplest model of s-SNOM, based on the combination of an AFM with IR optics, the incident electromagnetic field irradiates the AFM probe, inducing a dipole of electric charge in its tip, as shown schematically in Fig. 1 . In accordance with the boundary conditions of Maxwell's equations at the surface of the dielectric material directly underneath, an interacting mirror dipole is induced within the sample. An electric near-field interaction between the tip and charges from its mirror image modifies the amplitude and phase of backscattered radiation from the probe, which functions therefore as an optical antenna highly sensitive to the dielectric environment near its tip. Using suitable background suppression and techniques, interferometric detection of this backscattered radiation while scanning the sample beneath the tip provides sensitivity to the sample's local permittivity at a resolution comparable to the radius of curvature at the tip apex (E20 nm).
A rudimentary connection between the amplitude and phase of this detected radiation ('near-field signal') and the optical
Figure 1 | Principle of near-field microscopy for material identification. (a) The probe tip interacts with at a sample region characterized locally by permittivity e, a function of wavelength. Scale bar: 10 mm. (b) The incident electromagnetic field E inc induces a strong dipole moment in the tip, which interacts with a mirror dipole in the sample whose strength is determined by the local permittivity. This interaction sensitively affects the tip's vertical polarization p z , therefore locally modulating the amplitude and phase of the tip-scattered field E scat . Scale bar: 100 nm.
properties of the sample can be achieved through a simple or extended dipole approximation 35, 36 . Recently, we have developed more sophisticated models of the optical near-field interaction between the probe and the sample and have applied them with excellent results to the study of graphene-substrate optical coupling 20 and oxide thin films 25 . Our latest and most accurate model 37 interrelates the scattered signal with the dielectric function and optical reflection coefficient of the sample ( Supplementary Fig. 1 ), the same reflectivity accessed by conventional far-field FTIR spectroscopy. Likewise, the imaginary component of the sample's refractive index, often called the IR extinction or absorption coefficient, describes its IR absorption efficiency. Maxima in the frequency-dependent IR absorption coefficient correspond directly to the absorption peaks of 'fingerprint' molecular vibrations measured by conventional transmission-mode FTIR or total internal reflectance spectroscopies. However, although related, the frequency-dependent scattered field measured by nanoFTIR is not equivalent to a conventional FTIR absorption spectrum. Surface phonons couple particularly strongly to a near-field probe as their electric dipole vibrates resonantly with the incident probe field, shifting peaks in the scattering spectrum to lower energy by an amount commensurate with their strength 38 . Quantitative comparisons between a sample's near-field spectrum (for example, Fig. 2 ) and its associated conventional FTIR absorption spectrum require that the geometry of the near-field interaction be explicitly taken into account by a realistic model of the tip, such as the one used in this work to 'invert' the scattering amplitude and phase spectra to extract nano-resolved dielectric properties of the material underneath the tip apex 28, 37 . Elementary relations connecting the reflection coefficient to the IR absorption coefficient have been presented elsewhere 29 and, for characterization of the cometary particle Iris, we apply these here for the first time to the direct identification of silicate minerals using nanoFTIR (see Methods).
NanoFTIR characterization of a chondrule. Figure 2 schematically depicts our s-SNOM and nanoFTIR system (see Methods) and presents characteristic scattering spectra for a standard crystal of forsterite, one of the most abundant minerals in the solar system and common chondrule constituent. We applied this system first to characterize a sub-millimetre chondrule within the Murchison meteorite, a CM2 chondrite notable for its abundant organics and aqueously altered minerals (preparation in Methods). The chondrule was first coated with E15 nm of conductive carbon and imaged by SEM; Fig. 3a ,b displays backscattered electron images. Elemental compositions (displayed in Fig. 3d ) were measured at o500 nm resolution using EDS. The chondrule A nonlinear optical crystal (GaSe) is used to combine two near-infrared sources in a difference frequency generation scheme, producing coherent MIR radiation that is frequency tunable with a 300-cm À 1 bandwidth. This beam is focused onto the AFM tip, resulting in strong near-field interactions with the sample and a backscattered field (characterized by amplitude and phase) modulated at the probe-tapping frequency and detected by the HgCdTe (MCT) detector. Interfering this light with a continuously delayed reference beam (scanning mirror) and demodulating at harmonics of the tapping frequency produces an interferogram whose Fourier transform constitutes the desired near-field scattering spectrum. The displayed scattering amplitude and phase spectra are obtained for a forsterite crystal standard (San Carlos olivine).
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6445 ARTICLE was then sputtered with argon to ablate the carbon coat and subsequently imaged with s-SNOM in monochromatic mode (pseudo-heterodyne detection technique 39 ) taking illumination from a CO 2 laser at 890 cm À 1 to quickly reveal an IR contrast map of the region (Fig. 3c) . Optically reflective or vibrationally resonant materials at this frequency display positive imaging contrast. IR scattering contrast is evident among microscopic crystallites, a bright metallic inclusion (iron), and a dark nonresonant background of carbonaceous material (including preparation epoxy).
The chondrule contains Al-, Mg-and Ca-rich silicate phases, and EDS identifies Mg-rich regions (green in Fig. 3d ) as forsterite (Mg 2 SiO 4 ). To distinguish extant mineral phases through their vibrational signatures, we collected spectroscopic nanoFTIR line scans 8-10 mm in length across three distinct microcrystalline subregions, acquiring scattered amplitude and phase spectra every 50 nm over the frequency range relevant to the strongly identifying vibrational modes of the silicate minerals (800-1150 cm À 1 ). Scattering amplitude spectra from these line scans are displayed in Fig. 4 , exhibiting several spectroscopically distinct subregions. These line scans verify the ubiquitous presence of forsterite (green in Fig. 4 ) by comparing with the reference spectra (Fig. 2 ). Compositional boundaries sharper than 100 nm and distinct silicates as small as 200 nm are resolved spectroscopically. Metallic composition of the large iron inclusion (red spectrum in Fig. 4 , line scan 2) was confirmed by its exceptionally strong and spectrally uniform induced scattering amplitude, although several superimposed 'void bands' provide evidence for a surface oxide layer of probable terrestrial origin, as from 'gamma'-FeOOH (lepidocrocite) that exhibits identifying MIR vibrational modes 40 . These resonances are optically 'sensed' through near-field coupling with their metallic host, as leveraged previously for the detection of weak molecular vibrations using metal nanoantennas 41 .
Stoichiometries for Al-and Ca-rich regions measured by EDS are consistent with several minerals formed from linear chains of silicate tetrahedra (inosilicates) but were insufficient to unambiguously identify the associated mineral species since EDS is insensitive to the presence of -OH. In such cases, concrete identification of mineral phases has conventionally relied on complementary analytic techniques including X-ray diffraction (XRD), TEM and various transmission-mode X-ray spectroscopies, which although powerful, demand either sample volumes of many cubic microns or thin slices excised from the bulk sample at the cost of man-hours and destroying the nearby sample. Even the electron backscatter diffraction technique, a powerful highresolution probe of crystal structure (insensitive to glassy structure), requires careful deposition of a conductor over insulating minerals 42 . In stark contrast, nanoFTIR measurements are fundamentally non-destructive, requiring no special sample preparation beyond a surface polish with micron-scale smoothness, which even then might be omitted for smooth or terraced sample regions. Furthermore, since mid-IR energies are insufficient to break chemical bonds or cause ionization, risk to the sample from beam damage during the nanoFTIR measurement is completely implausible when using illuminating radiation intensities o5 mW (0.5 mW were used in this work) 43 . Nevertheless, a lamella along line scan 3 (indicated in Fig. 3c,d ) was extracted from our Murchison meteorite sample by focused ion beam and examined by TEM (Supplementary Methods and Supplementary Fig. 4 ). In this case, we undertook this measure to unambiguously establish a correlative TEM and nanoFTIR spectroscopy study of the same region 44 . Whereas the complete focused ion milling and TEM study required three days of instrument time, nanoFTIR measurements were completed within 3 h.
Analysis of nanoFTIR data inherits from the rich existing literature of vibrational spectroscopy obtained from bulk terrestrial minerals by conventional FTIR. Pyroxenes constitute a solid solution series of single-chain silicates with chemical formula M 1 M 2 T 2 O 6 (M 1 , M 2 denoting cation sites and T the tetrahedral site, typically Si or Al) including Mg-rich (enstatite) and Ca-rich (augite) members common among chondritic meteorites. Established IR absorption spectra for enstatite 45, 46 match vibrational bands of the first several nanoFTIR spectra ( Supplementary Fig. 3 ) of line scan 3 ( Fig. 4 in orange) , consistent with Mg-dominated occupancy in M 1 and M 2 sites as confirmed by TEM and EDS (Fig. 5b) . However, EDS also indicates the Murchison Mg-rich pyroxene contains 5.3 wt% aluminium, making this phase aluminous orthopyroxene (OPX). A discrete change in vibrational character is observed by nanoFTIR upon entry to the Ca-rich phase, which compares favourably to attenuated total internal reflectance spectra of augite 47, 48 . Comparatively, such a concrete identification for this compound was otherwise impossible via EDS, since the measured elemental stoichiometry admitted other mineral assignments ( Supplementary Fig. 3 ). The abrupt disappearance and replacement of several vibrational modes displayed in Fig. 5a (orange to purple) matches an abrupt compositional change observed by EDS with a reduction in Mg by 10 wt% and an increase in Ca by 14 wt%. Accordingly, a phase transition from OPX to CPX (clinopyroxene) was measured by selected area diffraction in TEM (Supplementary Methods). While existing IR studies fail to observe marked differences in vibrational character between ortho-and clinoenstatites 46, 49 , the monoclinic structure of augite presents yet a distinct space group, C2/c versus the P2 1 /c of clinoenstatite. We therefore attribute the resolved boundary in nanoFTIR to differential cation occupations in M 1 and M 2 (ref. 50) , establishing nanoFTIR as a sensitive indicator of subtle shifts in elemental chemistry at the nanoscale. We infer these cation concentrations resulted from strong temperature gradients as the host pyroxene rapidly crystallized.
Our correlative TEM subsequently resolved the transition zone between OPX and CPX phases (Fig. 5d ) and electron diffraction verified our identification of phases ( Fig. 5c and Supplementary  Fig. 4 ). Moreover, a 300-nm-wide superlattice of CPX and OPX lamella (marked OCPX) is revealed through electron diffraction as a continuum of reflections along the a* axis and shows contrast in high-resolution and darkfield TEM imaging. Although only a few hundred unit cells across, this intergrowth region was first resolved by nanoFTIR, manifesting an anomalous IR vibrational signature at several spectroscopy positions across the OPX/CPX interface in Fig. 5a , particularly through the sharp 'kink' in several vibrational modes suspiciously characteristic of inter- layer-coupled mode repulsion. The lack of such effect for the 1,050-cm À 1 mode likely associates with its short-range vibrational nature-a 'breathing' mode among isolated silicate tetrahedra (Supplementary Methods)-unaffected by broken long-range crystal symmetry. Such interphase ortho/clinopyroxene regions are a common indicator of crystal shock and rapid cooling 51 . Here we interpret the structure as a consequence of collisional events in the history of Murchison's parent body, in particular the event that may have caused the host chondrule to shatter ( Fig. 3a and Supplementary methods). Sensitivity to these shock phenomena establishes nanoFTIR as a promising nondestructive probe of collisional histories among invaluable extraterrestrial samples. Figure 5a highlights a notable shift in modal frequencies (especially near 950 cm À 1 and 1,050 cm À 1 ) resolved by nanoFTIR at sub-micron scales in line scan 3, coincident with further lattice displacement of Mg by heavier Ca and Al in CPX at the few-percent level on approach to the adjacent forsterite (Fig. 5b) . These vibrational shifts associate with perturbations in the crystal's silicate tetrahedral bond lengths, mediated by commensurate changes in local cation concentration (Supplementary Methods). Vibrational spectroscopy via nanoFTIR can evidently provide a sensitive sub-micron indicator of cation lattice coordination and concentration variations at the fewpercent level. We propose that nanoFTIR might be deployed on extraterrestrial pyroxenes to detect T-site occupation by Al and Fe 3 þ that, when compared with other petrographic characteristics, can provide evidence for aqueous alteration or for high fugacity during formation in the solar nebula.
NanoFTIR characterization of a cometary grain. We next applied nanoFTIR to a cometary particle returned from Comet 81P/Wild 2 by the NASA's Stardust recovery mission, a sample for which the non-destructive nature of our probe is of paramount importance. The cometary grain C2052,12,74 ('Iris') was first characterized by synchrotron X-ray, electron, and ion microscopies, as well as secondary ion mass spectroscopy 33 . On a surface of Iris exposed by ultramicrotomy, we first utilized our nanoFTIR system to acquire a broadband integrated image of the particle (Fig. 6a,b) . This mode of imaging permits rapid acquisition of relatively large IR maps of the sample in which local contrast indicates the optical response amplitude integrated over the bandwidth of illumination (800-1,150 cm À 1 ). For example, chunks of Pb-In alloy introduced during sample preparation for secondary ion mass spectroscopy are brightly resolved at the particle periphery. This same region of Iris was also imaged with EDS as shown in Fig. 6c , indicating clear correspondence between the mesostasis region identified previously 33 (Z. Gainsforth et al., manuscript in preparation) and the elemental EDS map. We acquired a nanoFTIR line scan 7 mm in length along the dotted line indicated in Fig. 6b , measuring local scattering amplitude and phase spectra every 100 nm across the mesostasis between two forsterite crystals, and utilized the aforementioned inversion procedure (detailed in Methods and Supplementary Figs 1 and 2 ) to convert our scattering spectra to a more appropriate series of IR absorption spectra (Fig. 6d ) suitable for comparison against conventional IR absorption spectra for candidate silicate minerals [52] [53] [54] .
Iris is known to consist of olivines set in a groundmass of plagioclase (a solid-solution series of feldspar minerals) with composition 6-26 mol% in Ca-rich anorthite (An) and Na-rich albitic (Ab) glass that formed from quenched igneous cooling. Since the groundmass grew under non-equilibrium conditions, the crystalline plagioclase presents a continuum of chemical compositions including albite and Ca-rich oligoclase (compositionally intermediate between Ab and An). The remaining liquid was unable to crystallize at all because of rapid cooling. The transition from crystalline to amorphous material is observable in our line scan (Fig. 6d) , wherein three distinct spectral signatures are resolved. Representative spatially averaged nanoFTIR absorption spectra derived from regions bounded by Silicon-rich forsterite crystals as well as the surrounding SiO 2 aerogel appear blue, whereas the groundmass reveals feldspar (white) and glass (red and pink). Scale bar: 5 microns. (d) Using a realistic model of the near-field probe-sample interaction, position-resolved IR absorption spectra were extracted from the nanoFTIR line scan across two forsterite crystals (regions labelled A, E) and three distinct glassy phases of plagioclase and mesostasis (B, C, D). (e) Literature IR absorption spectra from forsterite, various plagioclase feldspars and amorphous silica. Oligoclase and anorthite spectra are from powdered samples 51 , silica from a thin film 53 and all others from bulk (crystalline) samples 52 . (f) Region-averaged IR absorption spectra extracted from nanoFTIR line scan positions indicated in a (labelled by region). Extracted forsterite spectra agree well with reported absorption spectra 52 , whereas plagioclase regions exhibit albite (Ab)-rich, anorthite (An)-rich and glassy signatures according to their phonon absorption frequencies. Sharp anorthite and oligoclase nanoFTIR peaks imply crystalline material, whereas reported spectra for powders (e) display added broadening 57, 59 . The surprisingly broad albite peak resolved by nanoFTIR is consistent with strong Al-Si disorder 54 .
dashed lines in Fig. 6d are shown in Fig. 6f for clarity. Figure 6e displays literature-derived IR absorption spectra for mineral standards that present good matches to these regions based on a comparison of prominent IR absorption band frequencies. Spectra for the purple and red phases (Fig. 6f) exhibit vibrational bands at nearly identical frequencies but at varying intensity, consistent with An-rich and Ab-rich regions, respectively. Accordingly, EDS mapping ascribes elemental abundances from these two regions to oligoclase with a slowly varying composition of 20-26 An mol%. Whereas the anorthite and oligoclase phonon bands resolved by nanoFTIR at 910 and 970 cm À 1 appear expectedly sharper than those observed in far-field absorption spectra for powders [55] [56] [57] at B915 and B990 cm À 1 (Fig. 6e) , the measured albite peak is notably broad (70 cm À 1 full-width at halfmaximum; see Supplementary Fig. 2 ), comparing most favourably to spectra for crystals with reduced Al-Si order in the tetrahedral site such as effected by high-temperature exposure (41,000 K) (ref. 54 ). On the basis of its coincident presence among far-field IR spectra of Iris ( Supplementary Fig. 5 ), the dip-like feature observed throughout our line scan near 950 cm À 1 appears to be intrinsic in nature, whether associated with a gap in phonon modes of forsterite or with the absence of absorption between sharp peaks associated with An or oligoclase. Whereas EDS resolution was limited to about 750 nm, nanoFTIR resolves variations in spectral absorption at the scale of 100 nm. Lacking gradual shifts in absorption frequencies, the most likely explanation for such sharp well-defined variations in nanoFTIR is the detection of two centrally embedded crystallites of anorthite and oligoclase resolved at the sub-micron scale. Comparatively, TEM was also able to detect one such crystallite (Z. Gainsforth et al., manuscript in preparation) although its spatial relations were unfortunately scrambled (not atypically) from the requisite extraction of a thin microtomed slice of sample.
Moreover, Fig. 6d reveals a third phase (blue in Fig. 6f ) where peak positions and amplitudes vary gradually as a function of position. EDS excludes the possibility that this region is plagioclase on the basis of stoichiometry, suggesting rather an albitic glass, and TEM diffraction and brightfield measurements verify the presence of glass in contact with oligoclase elsewhere within this particle (Z. Gainsforth et al., manuscript in preparation). NanoFTIR spectra in this region (Fig. 6d, f-blue) show the growth of a peak near 1,100 cm À 1 similar to that seen in amorphous SiO 2 standards 53 , while retaining some but not all of the peaks expected from plagioclase. This suggests an albitic glass populated by under-resolved nanocrystals of oligoclase, again indicative of rapid cooling from a melt. Demonstrably, nanoFTIR presents a novel means of optical identification and potential compositional characterization 58, 59 for bona fide amorphous silicate materials in returned microscale cometary dust grains, as well as in similarly sized interplanetary dust particles or aerosols. The composition of Iris shown here is decidedly inconsistent with the long-held view that comets formed in the outer solar system from agglomerated circum-or interstellar grains 60 , comprising-for example, dust, ice and silicates amorphized by radiation exposure. Instead, the direct IR spectroscopic evidence presented here for igneous crystalline and amorphous materials coexisting at the micron-scale within a cometary dust grain adds to mounting evidence for a common history of high-temperature formation shared by cometary and chondritic materials deep within the solar nebula 33 
Discussion
We have shown that IR s-SNOM is capable of providing IR spectral identification of natural samples at deeply sub-micron spatial resolutions, probing details of material composition not easily accessed by conventional means. Here we demonstrate this capability within a macroscopic meteorite sample (Murchison) as well as a cometary dust grain (Iris) from NASA's sample return mission, Stardust. Through application of a sophisticated model of the probe-sample near-field interaction, we have shown for the first time that nanoFTIR-extracted IR absorption spectra can be used to quantitatively probe and identify the underlying geochemistry of natural samples at sub-micron resolutions, enabling identification of resonance frequencies and relative levels of structural disorder in a fashion that removes the influence of complex probe-sample interactions. These samples span the size range encountered in the analysis of natural samples.
Together with corresponding elemental maps from EDS, our nanoFTIR line scans through a chondrule in Murchison clearly capture variations in minerology at sub-micron resolutions and are verified by TEM. Furthermore, our nanoFTIR line scans are capable of resolving subtle shifts in vibrational frequencies associated with small variations in silicate cation concentrations at the sub-micron scale. Future work may explore these shifts in a quantitative manner via first-principles calculations. Our nanoF-TIR survey of Iris demonstrates that s-SNOM is also sensitive to contrasts in crystallinity, as indicated by the prominence and width of phonon absorption bands within the plagioclase, and future work may establish quantitative measures of disorder. Whereas the physical mechanism of nanoFTIR spectroscopy is relatively settled, and practical quantitative 'inversion' for the interpretation of mineral spectra is now well demonstrated here and elsewhere 37 , fully leveraging its sensitivity will call for a detailed empirical or ab anitio approach connecting nanoscale geochemistry to the local phonon response and associated IR permittivity.
These results highlight the high potential of nanoFTIR for geochemical studies of crystallization dynamics or other processes producing variations in the chemical environment over sub-micron length scales, inaccessible to conventional diffraction-limited FTIR. Having demonstrated the application of SNOM-based nanoFTIR for characterizing and imaging silicate minerals, it is hoped that this technique can be applied for studying the distribution of more volatile chemical components found within extraterrestrial samples. This sub-micron mapping could in turn, through strong correlations between minerals such as SiC (well-known presolar astromaterial) and organics, for example, provide new insights into the catalytic role that mineral surfaces may play in the production of prebiotic molecules in the early solar system and planetary systems at large. Finally, the ability to non-destructively characterize volatile species before more destructive/altering techniques are applied to precious and unique returned samples is a significant advance. Future applications of IR s-SNOM and nanoFTIR may also include distribution studies of individual terrestrial aerosol mixing states, examination of synthetic and natural non-equilibrium solids, and sub-micron identification of hydrated and organic chondrite phases. Furthermore, this technique should be suitable for the analysis of additional returned samples from missions including NASA's Stardust spacecraft 1, 2, 6 and Hayabusa 61 , as well as interplanetary dust particles and other primitive solar system materials possessing sub-micron heterogeneity 62 .
Methods
Broadband IR source and nanoFTIR implementation. NanoFTIR measurements were performed using instrumentation at the Department of Physics at the ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6445
University of California, San Diego. We achieved broadband illumination of our samples using a broadband MIR-coherent source (mod. BB from www.lasnix.com), combining two near-infrared laser beams in a GaSe crystal for difference frequency generation of coherent MIR radiation (100 fs pulses, 300 cm À 1 bandwidth, tunable across 600-2,500 cm À 1 , B3 mW per cm À 1 ). This beam is coupled to an asymmetric Michelson interferometer, allowing measurement of the amplitude and phase of the backscattered radiation with 3 cm À 1 spectral resolution 28, 63 . Our nanoFTIR implementation is depicted schematically in Fig. 2 .
Because the scattered signal is a strong function of the distance between the near-field probe and the sample surface, we make use of the AFM probe's tapping capability (tapping mode at a frequency OE250 kHz) to modulate the scattered signal and enable distinction from background scattering. The near-exponential dependence of the near-field interaction on the tip-sample distance d implies that scattered field components modulated at harmonics nO with nZ2, are directly attributable to the near-field polarization of the tip. Sub-diffractional contrasts in the scattered field at these harmonics therefore correspond with variations in the local chemical composition of the sample 38 . NanoFTIR data presented in this work were acquired by lock-in detection of the scattered signal at the second harmonic (2O) of the probe's tapping frequency, resulting in second harmonic amplitude S 2 and phase j 2 signals, whereas imaging data utilize the third harmonic. Finally, quantitative spectral information was obtained by normalizing the frequencydependent second harmonic signals acquired from sample regions to those spectra acquired from a reference material using the same near-field probe. A silicon wafer with a 100-nm surface layer of evaporated gold (Au) was used for normalization.
Extraction of dielectric properties from nanoFTIR spectra. The lightning rod model of probe-sample near-field interaction realistically relates the experimental measurables of s-SNOM to the sample's dielectric properties near the probe apex. While this sophisticated model does not yield a closed-form relation, it can still be applied in the inverse sense to extract the self-consistent surface reflection coefficients bðoÞ % e À 1 e þ 1 from sub-50-nm-resolved nanoFTIR spectra 37 , provided that sample material is bulk-like (4100 nm in thickness), the spectra are referenced to a known sample material such as gold, and that the probe geometry approximates a metal cone with rounded tip apex. The inversions performed in this work assume a tip radius of 40 nm (the sharpest feature size resolvable by concurrent AFM), a cone half-angle of 20°and probe-tapping amplitude of 60 nm, consistent with probe specifications (Arrow NCPt from NanoWorld) and measurement parameters. In the case of optically uni-or biaxial crystals, the dielectric properties thus extracted are effective in the sense that they convey optical activity only along crystal axes probed by the incident electric field. However, because near-fields from the probe in the vicinity of the sample are predominantly surface-normal polarized, crystal axes are probed to varying degree, resulting in near-field spectra that reveal all infrared-active vibrational modes possessing a dipole moment perpendicular to the surface 64 . This raises the possibility that 'missing' absorption peaks in k(o) could potentially hinder direct comparison to conventional absorption spectra, although this difficulty was not encountered throughout this study.
Sample preparation. We prepared a freshly exposed sample of the Murchison meteorite, a primitive CM2 chondrite, by cleaving an B5-mm-sized chunk from a much larger piece of Murchison. This fresh chunk was placed at the bottom of a cylindrical mould and embedded in resin (Epo-Fix, Electron Microscopy Sciences). After curing for 24 h, the epoxy cylinder with the Murchison sample was polished using an optical polisher until a region of the sample was exposed. A qualitative determination of optical flatness was achieved by polishing with poly-diamond abrasives, with the final sub-micron polish step performed by hand on a velvet cloth. The sample's flatness was confirmed by briefly imaging in a Tescan Vega 3 SEM and through AFM in the s-SNOM apparatus.
Samples of cometary dust grains from Comet 81P/Wild 2 (Wild 2), captured in a nano-porous silica aerogel by the Stardust mission (1), were extracted and prepared for laboratory analysis using standard techniques 65 . A notable Stardust particle named Iris (from track C2052,12,74) has been analyzed with a variety of techniques including Scanning Transmission X-ray Microscopy and TEM 33 . Using the nanoFTIR set-up that was described previously, we present the first sub-micron IR spectral maps of a cometary sample.
TEM analysis. Murchison line scan 3 (Figs 3d and 5) was verified by S/TEM. After nanoFTIR measurements, a lamella was removed from the meteorite using focused ion beam milling and examined by TEM at the National Center for Electron Microscopy. The lamella exactly traced the nanoFTIR path so that the IR spectrum at each point might be directly compared with TEM imaging, diffraction and EDS composition. Diffraction and imaging in brightfield and darkfield were carried out using a Zeiss Libra 200 MC at 200 keV with an in-column Omega energy filter. With the energy filter, DE was B10 eV centred around the zero-loss peak.
STEM/EDS was carried out using a Phillips CM200 with an Oxford Inca Si(Li) energy-dispersive detector.
